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PREFACE

This final report summarizes the results of the Dual-Mode Locomotive--

Freliminary Design Study,

It-is submitted to the Transportation Systems Center

by The AiResearch Manufacturing Company of California, a division of The Garrett
Corporation, -in accordance with U,S. :Department of Transportaticon Contract No.
DOT-TSC-1349, Modification No, 1 dated August 9, 1978.. |t is part of the
Wayside Energy Storage STudy Final ReporT which comprzses four volumes as

follows:

- Volume No.

1
2.

3

S Title

Summary

~DNetailed Descrlpflon of Analysrs

Engineering Economics Ana|y5|5 Data
and Results

Dual-Mode focomotive - Preliminary
Design Study
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SUMMARY

.This report examines the feasibility of the dual-mode locomotive having
both a diesel and an electric capability. The conclusion reached is that, by
careful attention to detail, the concept of the dual-mode locomotive is tech-
nical ly feasible. An attempt has been made to reduce the cost of the medifica-
tion by utilizing as many existing conponents as possible without modification.
Where modifications are necessary they have been kept as simple as possible.

The SD40 and SD40-2 locomotives, on which the conversion is'baSed; are
among the most reliable locomotives of their type and care was Taken not to
impact the diese! mode operation.

Full utilization of the traction motor within its pub!ished current,
voltage, and power |imitations results in a higher powered locomotive in the
electric mode. Therefore, if the steepest grades are traversed in.the electric
mode, above base speed (all railrcads contacted provide sufficient power to
negotiate all grades above base speed, even for drag operations) a saving In
locomoTives results.

vii
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SECTION 1
INTRGDUCTION .
. The purpose of this s+ﬁdy was To confirm the fechnica[ feasibiiify 6f The
dual-mode locomotive (CML) following its identification.in the Wayside Energy
Storage Study Final Report. That study showed that the DML could be used to

enhance the existing rallroad operation and by and large made use of exisTing
equipment.

PROGRAM OUTLINE

The specif?c task which was added To the Wayside Energy Storage Study
statement of work called for the following:

I'tem 4 - Locomotives - add the following Paragraph b.

E. Conduct a preliminary study of the Dual-Mode Locomotive that
will include the following:

Determine the extent of modifications necessary.
‘Develop préliminary épecificafions for new components,
Defiﬁe control reduiremenfs. - |
Identify locomotive structural modifications.
Prepare_ﬁreliminary layouts. |

PROGRAM METHODOLOGY |

The basic concept of The DML previously identified was re-examined to
determine whether a more cost-effective and technically acceptable version
existed. The original concept did not fake -into account the intention of the
Assoclation of American Railroads (AAR) to develop the "clean cab", positioning
much of the equipment now located in the cab, in the short froat hood, This
clean cab has resulted in the toilet being positioned much further forward In
the short hood in order to accommodate radio equipment, the water cooler, etc.
As a result it was necessary to reposition the electric mode equapmenf to
minimize the volume required at the front of the locomotive.

LOCOMOT | VE CONCEPT

The dual-mode locomotive is basically a diesel locomotive with The ability
to operate from a 50 kV .{or 25 kV) catenary. This dual mode concept .is not
new. Since the advent of efectrified railroads the concept of a vehicle which
could be self or electrically propelied has been pursued to meet particular
operating nesds. The end of an electrified section (no matfer how long that
section may be) is always an embarassment to the cperafting deparTmenT and a
bottleneck to the customer, . :



Normally a dual-mode vehicle operates at reduced performance in the
secondary mode. In the case of the DML based on the SD40-2 locomotive This
will not be the case due to that locomotive being equipped with traction mofors
having & power capability in excess of the prime mover. The removal of the
prime mover limitation by supplying power from a catenary enables the traction
motors to be fully utilized, From fthis increase in-power capebllity, it . is
possible to reduce the size of the locomotive fleet by'MainTaining max i mum
tractive effort to the adhesion, rather than prime mover, limit.

DUAL MOCE LOCOMOT IVE ADVANTAGES

The benefits of the DML With or without WESS may be summarized as
follows: =

e [ncreased tractive effort available at speeds above the minimum con-
tinuous reting speed results in either;

(a) Fewer locomotives required, or
(b) Shorter journey times

e The concept of evolutionary electrification becomes possihle, whereby
railroads, for a mecdest outlay, can gradually electrify a major route
and steadily reduce the diesel locemotive fleet as DML's become avail-
able and thereby reduce the dependence of the railroad operation on
petfroleum products

e The DML has the benefit of the mass production of the mechanical parts
associated only with diesel loccmotives in the U.S. and is therefore
cheaper than an electric locomotive

The WESS study has assumed that the railroads will reduce the size of their
locomotive fleets rather than aim for shorfer journey times. This is because
- the evaluation of the benefit of shorter journey times involves the use of pro-
prietary information not available at this fime., A reduction in the fleet size
shews the following significant savings: ' ' o

{1) - Capital Cost

The smaller fleet size results in an immediate capital saving brought
about by the transferring of locomotives to other duties.

(2) Locomotive Replacement

The number of locomotives o be replaced annuatly is reduced because
the same percentage of a smaller fleet is replaced each year,

(3) Idling Fuel
A typical road lccomotive spends 12 hours/day idling (of which it has

been estimated That 8 hrs is unnecessary). At a rafe of 2.5 gal/h
(for an SD40) this amounts to 44 gal/day or 13,640 gal/year/locomotive.

1-2




Clearly significant energy saving is available in this area.

(4} Dead Weight

The reduction in the number of locomotives reduces the total weight
of the train and improves the peak hp/total ten ratio.

(3) Maintenance

Significant tocomotive maintenance savings result since The remaining
fleet does not have its mileage for locomotives increased significantly.

1=-3/1~4
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SECTION 2

EXTENT OF MODIFICATIONS

BAS IC LOCOMOT | VE

The locomotive fo be considered for this modification is the most common
in the U.S.; the General Motors, Electro-Motive Division (EMD) SD40. and its
derivative, the 5D40-2. This locomotive type accounts for approximately 30
percent of the road locomotives in service in the U.S. (reference 1.).*

The SD40-2 is a six axle C-C locomotive equipped with a 16-645E 2 cycle
diese! engine which is able to supply 3100 hp to the main alternator and recti-
fier assembly, from which direct current is suppiled to the six series field

. Fraction motors.

The locomotive weight, as built is nominally 368,000 b and may be ballasted

~to 410,000 Ib (reference 2}, giving a maximum axle foad of 68,330 Ib. It Is

. the ballasted weight which has been used for all locomotive performance calcu-

. lations. It is recognized that it is desirable to reduce axle loads, particularly
. .because of frack maintenance considerations, but in order to take full advantage

- of the potential energy savings resulting from tThe deployment of WESS and

- the DML it is necessary to adopt the heavier axle foading. A lowering of the
~axle load may result in lower energy savings due To reduced braking performance

and a decrease in the Return on Investment (RO1).

The use of 5épara+e|y excited motors previously recommended in this study

has not been rejected, even though the current design uses unmodified EMD D77
~ fraction motors. ~ In the-interest of clarity it is reconmended that the case

for separately excited traction motors he investigated as a separate issue,

.taking into account such advantages as a higher tractive effort for the same
- axle load due to weight transfer compensation.

The general arrangement of the SD40-2 is shown in Figure 2-1 Treferehce 3).

The standard locomotive is designed for dynamic brake operation (if required

; by the railroad) and it is this control circuitry which will he used fo control

regenerative braking during electric mode operation.

Before determining the extent of the modification required to the basic

. 5040-2 locomotive, it 1s necessary To establish the power circuit to be used

and the method of its control, thus enabling interfaces with existing equipment

.. To be identified and defined.

 POWER CIRCUIT

A number of options-exist in the choice of The power circuit to be adopted
for the DML in both the diesel and elecfric modes. |t is necessary to determine
the philosophy of the tocomotive conversion before the options can be evaluated.
Clearty the characteristics of the locomotive must not be impaired in the diesel
mode but it may be permissible to accept a lesser or greater performance (in

*References are listed in Section 9 of this report.
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terms of control, etc.) in the electric mode if a positive financial Trade-off
can be identified. ||t is desirable therefore, to consider all the relevant
characteristics of the existing SD40-2 locomotive and use thess as the baseline
to evaluate the DML circuit options available. C

ESTARLISHED CHARACTERISTICS OF SD40-2 (BASELINEi

ﬁlecTrical

A diesal engine driven alterpator (Model AR10), operating over a 315 to

. 900 rpm speed range is the source of electrica! power for fraction. This is a

10 pole rotating field machine with 3-phase cutput. The field supply is derived
from +he auxiliary alternator (Mode! D14) which is mechanically attached to, but
electrical ly separated from, the AR10 main al!ternator. The ac output from the
rotating machine is rectified to give a dc supply with a ripple level of approxi-
mately 3 percent. The ripple frequency varies from approximately 52.5 Hz to

150 Hz, dependent on aiternator speed. .

The six traction motors are the D77 model. This is a dc seriss field
machine, the characteristics of which are shown in Figure 2-2. The motor frame
is of sclid iron construction. The elimination of field weakening has reduced

“the incidence of flashover by 50 percent. Railroads have described the commuta-

Tion of this machine as adequate but not exceptional. This aspect will require
careful study when operating in the electric mode on dc with a ripple content
significantly higher than that-which is present in the diesel mode.

When accelerating from rest or slow speed, the traction motors are con-

"nected in three parallel groups of two series pairs across the rectifier dc

output (shown in principle in Figure 2-3a). The excitation of the main generator
is used to regulate the ocutput voltage at sensibly constant current, thereby
resulfing in a controlled acceleraticon of the tocomotive. The current applied

to the traction motor during slow speed operation 1s defermined by the voltage
applied to the moter and the back emf generated by *hat motor. As the motor

" back emf increases, The applied voltage is increased fo maintain the required

net voltage across the motor. For the engine rpm selected {determined by

the throttle position}, there is a limit to the power that can be develcped
{(proportional to the volt-amps product). When *+he power limit is reached, the
voltage generated cannot bhe increased to maintain same net voltage across the
motors. From this point on (called the motor base speed), the motor current

-falls as the back emf overcomes the generated voltage. T7The rate at which this

current reduction takes place is lessened by the ability of the alternator to

. maintain an approximately constant velt-amp preduct. Therefore, as the current

demand decreasgs, the voltage applied can increase by alternator excitation

adjustment, maintaining a constant volt-amp product and thereby reducing the
rate of fall of current, The result is that the motor is able to produce a

constant power output over a wide speed range.

It will be seen from the above that there are two major criteria which
determine the size of the alternator:

~(a) Maximum output current

(b} Maximum output veltage
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[T is to minimize the effect of these twe constraints that the motors are
connected in 3 parzliel groups of twb series pairs at low locomotive speeds
{when voltage is a Iimiting factor}. The changeover from one configuraticn .
to the other is called transition and occurs in the speed increasing mode at -
approximately 60G amps motor current. -The conditions before and after transi-
Tion are shown in Figure 2-3, This allows the alfternator to be sized for
approximately 3600 amps (dc output) and 1000 v {(dc output) rather than 6300 A
amps (the total traction motor continucus rating) tf the motors were in per-
manent parallel, or 2000 volts if the motors were connected in permanent series
parallel.

When braking electrically, the traction motor armatures are connected in
series-parallel with the braking grids. All motor fields are connected in
series with the alternator, therefore, the traction.motors operate as separately
excited dc generators. The braking effort produced is determined by the field
excitation which in turn is determined by the main alternator oufput voltage.
This is related fo the position of the dynamic brake handle and is therefore
under the direct control of the engineer.

From the above it will be seen that in the event of wheel spin/slide, it
is only possible To reduce the tractive/braking effort on all axles. |t is not
possible to individually contro! the tractive/braking effort applied to each
axle.

Performance

The fundamental paramefers reqU|ring definition before describing the
locomotive performance are:

(a) Adhesion
(b) Axle load

The Air Brake Association (reference 4) defines the variation of average
adhesion with speed fo be as shown in Figure 2-4 for dry rail with good joints
and slight dirt and oil contaminaticn. This average value takes info account
- the weight fransfer that occurs when tractive or braking effort.is applied by
a traction motor to the wheel and is a function of truck/locomotive geomeiry.

The adhesion level assumed is a questicon of confidence. Theoreticaliy,
the coefficient of friction between wheel and rail can exceed 0.5 but this
value cannot be reliably achieved in practice due ftc excessive rail contamina-
Tion, weather conditions, bad jeints, and frack geometry. [T is the question
of confidence which leads each railroad to determine its own adhesion [evel
based on many vears of operating experience. For this study, the Air Brake
Association data was used.

Definite advantages have been shown for welded rail over jointed rail
(particularly if the latter is in poor condition) as far as assumabie adhesion
level is concerned, but no advantage was claimed for this aspect in the study
although this will become more significant as The railroads progress with their
welded rail programs.

2-6
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From the Wayside Energy Storage Study Volume 2 it can be seen that the
power available at the rall fo move the frain is 2590 rail horsepower (rhp) of
the 3100 shaft horsepower (shp) available, i '

The maximum continuous current allowable for the D77 fraction motor (refer-
ence 5) is 1050 amps which, at the most common gear ratio (62:15) results in
13,850 Ib tractive effort and a maximum locomotive speed of 65 mph {reference 5).
With the above parameters defined the upper boundaries of the Iocomoflve per farm-
ance are defined and are shown in Figure 2-5.

It can be seen Therefore that in normal operaTion the SD40-2 locomotive

under the assumed cond|+rons is prime mover |imited in the tractive effort i1t
can produce.’ ' ' ' T ' ' -

The dynamic brake maximum performance is shown in Figure 2-6 with and
without the extended range feature (reference 5). In dynamic brake each motor
is developing 640 rhp. This maximum per formance is obtained with an armature
current of 700 amps and a field current of 975 amps. The limit on the dynamic
brake performance is the rating of the resistor grids (reference 6} since the
motor is rated for a confinuous current of 1050 . amps in both field and armature
simul tanecusly, Therefore, 1f the armature current could be increased, tThen
the braking power capability of the locomotive could be increased significantty
since the braking power varies as the sguare of The armature current,

2-7
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When considering braking it is essential to ‘insure that the adhesion level
assumed is virtually always available. For this reason the adhesion level
assumed in brake should be lower than *hat assumed in motoring. Figure 2-7
shows the motoring adhesion curve already established and the adhesion curve
required under braking conditions for the defined motor performance and braking
grid capacity. ' ' SRS

PROPOSED CHARACTERISTICS OF DUAL MODE LOCOMOT IVE

Before the various opTions.available can be evaluated, it is necessary
to clearly define the basic objective in terms of overall locomotive response
compared with the existing diesel [ocomotive performance. In no case may the
DML response be worsened in the diesel mode. The possible objectives are:

(a) FElectric and diesel mode control eguivalent to baseline.

A{b) Electric mode control superior to baseline with diesel mode control
unchanged.

(c) Electric and diesel mode control superior to baseline.

‘The options available fto meet each of the above are described below. In
rall cases it is proposed to operate the motor at the maximum rated power.

35

30

.
g e N L
I
2 MOTORING
B.ﬂrﬁ___“‘““‘* :
“-__‘ E
z /B\RAKING
o -
& 5D40-2 .
% 10 i | I / \
DYNAMIC ]
__[BRAKING _
05 , . _
-0 5 10 15 20 25 30 35 40 45 50
SPEED - MPH

Figure 2-7. Adhesion Values for Motoring and Braking

2-10




Base!ine Performance

The operation, contro! and per formance of the locomotive in the diese!
mode are unchanged. In the electric mode, the power circuitry remains the same
with, in principle, the main fransformer.faking the place of the altfernator.
This option has the advantage of using the existing traction motors without
the need for modification. The consfraint of adhesion previously indicated by
reference 4 applies equally to the electric mode. |t is often {wrongly) stated
That an electric locomotive has more adhesion than a diese! locomotive. It is
inaccurate to state that a locomotive has an adhesion capability since adhesion
is the coefficient of friction between the steel rail and the steel wheel and
1s independent of the locomotive type (apart from second order effects such as
ambient dirt around a locomotive which would be worse for a diesel locomotive).
Therefore, the same adhesion constraint applied to the SD40-2 will be applied
to the DML..

It is known that the D77 motor has a rating of 536 kW (input) (reference 7).
Operation in the electric mode allows the prime move |imitation on power devel-
oped fTo be el iminated and replaced by the *raction motor |imitation assuming
that the fransformer rating is adeguate for the motor rating. Therefore, maxi-
mum conTinuous current can be maintained to either the adhesion limit or the
mofor power !imit, whichever is the more restrictive. Figure 2-8 shows the
interaction of.these two |imitations and that the |imiting condition is the
traction motor performance.

Figure 2-8. interaction of Adhesion and Motor Power Limitations
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The limit of constant current operation is defined by The limit of the _
volt-amp product of the motor. As The motor speed increases, the current tends
to fall due to the rise in back emf. The motor has the capablery to accept an
increase in applled voltage so the next decision required concerns +he charac-
teristics of The power and control supply equupmen+. . ; N

A conventional electric locomotive (above base speed) performs at.an essent .

‘“tially constant voltage, determined by the catenary voltage and transformer:
-turns raftio. The only increase in applied voltage as motor current decreases
with speed is the result of transformer regulation. However, in order to per-
form at constant power, the volf-amp product must be constant which requires
that above base speed the applied motor voltage must increase above the level
‘that normal transformer regulation would permit. It is possible to design a
transformer which has regulation characteristics such that at 100 percent
‘current the output voltage is 50 percent of the output voltage at 50 percent
current. Such a transformer would have extremely high ccpper losses and con-
sequentially a high heat generation rate. Therefore, the combinaticn of low
efficiency and large cooling group.size makes this option unattractive. The:
preferred option is to contrel the applied motor voltage over the complete
speed range of the locomotive, thereby allowing the fransformer to be designed
for minimum. load losses. Normal railroad practice is to avoid this technique
because of the impact of prolonged operation at partial conduction on the sig-
natling system and the relatively low power factor which resutts. Since most
of the electrification schemes proposed in the U.S., and certainly those pro- .
posed in the WESS schemes, allow for the complete resignalling of the railroad
(in most cases to eliminate dc track circuits which are incompatible with any
form of ac electrification), the signalling system will be designed fo with-
stand the inteference resulting from prolonged operation at partial conduction.

The lower than normal power factor may be handled in ftwo ways. Power
tactor correction capacitors can be connected to the catenary (or onboard the
locomotive, if space permitted} to supply at least part of the reactive power
demand or, in the case of WESS electrification the flywheel machine can be over-
exclted tc a leading power factor to compensate for the locomotive's lagging
power factor.

Therefore, the locomotive performance, above base speed, will be defermined
by the traction motor rating, the applied voitage being increased to match the
decreasing current, thus maintaining constant power as speed increases. The
characteristic of the D77 under fthese conditions is shown in Figure 2-9 and The
variation of motor voltage and current with locomotive speed is shown 1n Figure
2-10. From this characteristic the locomotive tractive effort-speed curve shown
in Figure 2-11 can be derived. Constant power is maintained to 61 mile/h when
the voltage |imit of the machine is reached (reference 7) at 1300 v. Constant
voltage operation to 65 mile/h results in the rapid fall in fractive effort
shown in Figure 2-11,

The performance characteristics and control requirements in the electric
motoring mode are now fully defined and the complete DML performance character-
istic s shown in Figure 2-12,




e

CENT)

TRACTON MOTDR
_VOLTAGE (VOLTS)

6215 GEar maTIQ

&GN DIA WHEELS'
NO SHUNTS '

NG CEARS) (PER

1 e s

EFFICIENCY (4

TRACTIVE EFFORT (LBS) X 10

t
T

4

TRACTIVE-
EFFORT S 1400

1100]

. LOCOMOTIVE SP

i L H

\ VOLTS TR N L 1200

i

=1
©

{8do |

s N\ ___EFEICIENGY R N

i
)
SIN St
H
;
;

ié“é‘d‘fé?iied“ SPEED N S - 1800

i i L g
P - . - i S - -
. | ; i o :
Yoo } g ! ; ;
i S s
. v
. H 1 .
0 ! : ' ;
; b : .
! E . i o . ? H ‘ T
i : i N S " R
: i . : . : ¢ R
;
RIS SR , o T ot
H ! !

’ ;q-“_.'. » ] . 1 ‘ — | 0

S g0 k00 0 - 8o - 1opp 1200 1460

N TRACTION MOTOR CURRENT (AMPS) o o
Figure 2-9, Characteristic of the D77 Traction Motor at 536 kW

2-13



TRACTION MOTOR CURRENT (AMPS) AND VOLTAGE (VOLTS)

62:15 GEAR RATIO .
Lo IN. DIA. WHEEL . i
NO SHUNTS

: ' b3
; !
1200 ; i e
: ¢ 1‘
: __.,'.i. - T , p ; NUTRETINRN :
1099 . CURRENT & - . 7 e
: T : T A

800 v o 5 | ,;.,::zf;wff:g L

voLTAGE /- L
' o T
400’ , AR T

[T POR LR

200

0 .
9 10 20 30°
 LOCOMOTIVE SPEED - MILE/H

Figure 2-10. Dual Mode Locomotive-Traction Motor Current and VolTage
Variation with Locomotive Speed

2-14




'TRACTIVE EFFORT {D00's LB)

1Bk

N
i

€80

62:15 GEAR RATIO
40 IN. DIA. WHEELS
NO SHUNTS

d 10 20 36, ko 50
' LOCOMOTIVE SPEED (MILE/H)

Figure 2-11. Dual Mode Locomotive-Secondary (Electric) Mode Variation
) of Tractive Effort with Locomotive Speed

60




TRACTIVE EFFORT {0Db0's LB)

100

: N

o
o

-
(=)

20

62:15 GEAR RATIO
NO SHUNTS

13

£

) +

) " o v IEN
e s Sl &

B H o

i

I3

10

Figure 2-12,

20

ot
=)

R 3 PR
=Y :
'\
2.l

LOCOMOTIVE SPEED (NILE/H)

Dual Mode Locomotive-Primary and Secondary Mode
Variation of Tractive Effort with Locomotive Speed




£

‘:)

T has already been shown that The continuous rating of the D77 traction
motor is 1050 Amps. This current can be utilized in braking provided that:

(a) the resistor grids |imitation is removed
(b) sufficient adhesion is available .
{¢} Commutation is adequate

During regenerative braking, *he grids are not used except for periods
when complete loss of contact between the pantograph and the catenary occurs.
This condition will only last at the most a few seconds {(normally for less
than one second) and it is considered that the braking grids will be able to
withstand the high currents for this period (alThough this requires verlflca—
tion).

The adhesion level assumed during braking is usually less than ThaT assumed
for metoring. As already pointed out the adhesion level assumed is & .question

‘of confidence and therefore in braking, with satety aspects to copsider,.a higher’

degree of confidence 15 required.” The adhesion level assumed .in braking is' shown
in Figure 2-7 and represents a 12 percent reduction from the assumed motoring

adhesion. This is typical of the reduchon W|Th which railroads Throughou+ the .
world feel comfortable. -

The variation in braking effort with armature current is shown in Figure
2-13 which also shows that the higher the armature current, the higher the '~
speed at which the adhésion Iimit is reached. |In order to determine the
armature current to be used in‘regenerative braking, it will be necessary fo
carry out tests on motors fo determine commutation and thermal conditions.
RecommendaTiohs for these tests are contained in Section 7 of this report.

AT the adhesioh [imit two options are available. Either the armature
current can be contfrolled to give constant braking effort to approximately 5
milé/h or it can be controlled such that The braking effort follows the adhe-

sion limit as it increases with decreasing speed. A detailed design study will

deTermlne the optimum system.

improved Confrol

As already referred to, the basic locomotive tractive effort is confroltled
on an "all axle" basis, that is, to reduce or increase the tractive effort on
one axle requires a similar adjustment to all axles. There are benefits.to be
gained from providing individual axle control to a locomotive, particufarly an

- electric-locomotive with-high power/weight and fractive effort poterfial/weight

ratios. Thi's can be achieved by using separately excited motors with individual
field control.
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The advantages of individual control of each axle in the electric mode
resuft from weight fransfer compensation, locomotive weight reduction compen-
sation as consumable supplies are used, and The ability fo work at a higher
assumed adhesion level with the same confidénce level as all. axle contrcl since,
in the case of individual axle control, if one axle slips only. 1/6 of the fotal
tractive effort is lost and this tractive effort canibe quickiy reapplied on
re~establishing a stable condition. Figure 2-1Z has already shown, however,
that in motoring the DML, even the electric mode at.the higher performapnce than
the diesel mode is limited by the traction motor performance and not by adhesion
considerations. for the axle load assumed in this study. Separately excited
motors, enabling higher adhesion levels to be assumed, wil! resu)t in the same
tractive effort being available on a lower axle |oad. Recommendations for the
guantification of this are contained in Section 8. During regenerative brake,
Figure 2-13 has shown that the performance is adhesion |imited below approxi-
mately 25 mile/h (dependent on armature current) and therefore advantages would
accrue from being able to assume a higher adhesion level. In regenerative
braking these advantages are difficult to guantify since There are many external
influences on the permitted braking level:

() The head end braking timit is.recommended to not exceed 200,000 (b

and should never exceed 240,000 [b (reference 4). This currently
.. limits the number of iocomoT:ves employ|ng dynamic brake at. the

‘head end o 4 SD40-2's. Figure 2-13 showed that by increasing and
‘maintaining the armature current fo.the. present adhesion {imit the
head end brake |imitation would be encountered with 3 DML's, there-
fore, raising the adhesion |imitation would only be of benefif in
The few cases where smal! trains with oniy two DML's were used.

(b) The railroad is extremely sensitive to safety matters and therefore
the institutional difficulties involved in raising the adhesion level
during braking would be expected fo exceed the technical difficul-
ties in providing such a system,.

(c) The WESS RO! is not particularly SGﬂSlTlve to the value of the
energy saved, therefore, the improvement in energy recovery ‘which
would result from this improved capability would probably not
enhance the savings sufficiently o justify the additional expen-
difure over and above the baseline case.

The additional hardware required for this modification compared to the
baseline case (such as individual field controllers) has to be weighed against
the advantages of weight reduction and/or tractive effort increase. !n the
inferest of clarity this study is restricted to the proven technology of the
series-field motor.

RECOMMENDAT JON

The AiResearch recommendation Is that the baseline opfticn should be adopted
at this stage, untii the benefits of other systems have been separately identi-
fied. Therefore, the remainder of The effort concentrates on the optimization

of This concept.
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Selected Circuit

The selected circuit is shown in Figure 2-14 with the associated sequence
chart. OperaT|on in the diesel mode is unaffected by the electric mode equip-~
ment and the only modification to the diesel mode is the provision of a con-
tinuous gating signal to the braking thyristors (BTI-3*) during resistive brak-
ings 1t is possible that these thyristors may not be required and could be
replaced by contactors. Their purpose is to provide an Instantaneous alfernate
path for regenerated energy in the evert of pan+ograph bounce. A more detailed
study of this problem will defermine wheTher there is a need for Thyrls+ors in
this application.

MCOS is normally in the diesel mode position. Operation To the electric
mode position requires the detection of voltage at the auxiliary winding of the
transformer which operates relays to inhibit the diesel mode relay and operate
the motorized switches MCOS., When voitage is lost at the auxiiiary winding
- MCOS automatical ly reverts fo the diesel position.

During electric mode dynamic brake BCOS operates from signals derived from
the operator's brake handle which in conjunction with the operation of MB&B
places all the motor fields in series with the auxiliary winding of the trans-
former, and the fraction motor armatures in series paraliel with the thyristor
converter series bridges. Resistive or regenerative brake is then selected by
gating BT1-3 (which prevents T1-8 from being gated) or not respectively.

MOD | F ICAT IONS

For the selected circuit shown in Figure 2-14, the modificafion required to
convert a standard SD40-2 into a DML can be described.

EQUIPMENT

The selected circuit identifies several ifems of new equipment which require
installation into the 1ocomof|ve '

Pantograph
Vacuum circuit breaker
Rooft jnsuiaTors
Roof busbars
Lightning arrestor
Ground switch
'_:Primary overload current transformer
Maih trans former
Thyristor converter
-*The abbreviations that follow are'defined in Figure 2-14
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Figure 2-14,

2-2]

Selected Dual Mode Locomotive Power Schematic
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NOMENC LATURE
SYMBOL EQUI PMENT
SEQUENCE CHART
A%B Series bridges of thyristor converter 1
B Braking power contactor ' )
BCOS Brake changeover switch 2181 |+ |nleo al I=lve
BM Blower motor slleG|R|2=|nizlz|elel=|2|8(E|5]5
BT1-BT3 | Braking thyristor ' '
GS Ground switch
L Smoothing inductor
LA Lightning arrestor I*DIESEL MODE
MB Motor/brake transfer switch SER1ES/PARALLEL o006
MCgS t;od: changeover switch PARALLEL 00 eed ®
. Pi;posgigr RESISTIVE BRAKE LICICE ® ee
PoL Primary overload current transformer ELECTRIC MODE .
Pl~P& Power contactors (parallel connection) SERIES/PARALLEL & G0 ®
REV Reverser PARALLEL el ||| s 0ee|® &
Sl4 Power contactor (series connection) slsle sloe 9
525 Power contactor (series connection) REGENERAT IVE BRAKE ol® |8lee
536 Power contactor (series connection) RestsTIvE erake |99 @89
TI-T8 Thyristors
VCB Vacuum circuit breaker
I -6 Traction motors



Field supgly conver ter
SmooThing inductor
Braking thyristor

- Pump motors

" ‘Contactors - BCOS
- MCOS

‘Axle ground brushes
‘-Sfand—off insulators
Cable and conduit
The ‘interface with the existing power circuit has been limited to the:
provision of MCOS, thereby insuring that all existing cabling downstream from
the main rectifier terminals can be utilized without modification since the

ex{sting traction motor circuits will be utilized retaining the series/parallel
transition.

CONTROL CIRCUITRY
' Cleartiy the DML must, in the electric mode, respond to the engineer's
commands as T would in the diesel mode, and. for this reason several inter—

faces are required to take command and feedback signais and feed them to the
electric mode equipment. These signals are: .

Rmm/ﬁam.

Notch position

Whee! spin/élide*

Transition
: In addition to the above, the converter control logic will have current
and voltage feedback signals to enable closed loop confrol to be mainfained.

in the electric mode, The only interface required between the electric and -
diesel mode control systems is the franslation of the engineer's commands.

*In the electric mode wheel spin/slide proTechon may be lndependen+ of the .
existing SD40-2 sysTem.
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SFCTION 3 .
CONTROL REQU IREMENTS
The contrel requirements for the DML can be considered in three parts-
interface with existing control scheme, control requirements internal o the

electric mode equrpmenT, and mod|f|ca+ron +o +he existing dlesel mode conTroI
sysfem. '

INTERFACE WITH EXISTING CONTROL SYSTEM

Throttle Position

The selected throttle position is transtated to the existing throttle
response circuit by using. relays energized singly or in gombination. These
relays in furn produce an output from the throttle response circuit fo which
the main ‘alternator field is directly proportional and also contrel the engine
speed by ac+ua+|ng solenoids within the engine speed governor, During electric
operation, it is necessary *o run the engine at the speed equivalent to throttle
positicn in order to provide cooling air to the traction motors. The feasibil-
ity and cost of installing an electric blower to cool the fraction motors should
be investigated before making a final decision on this aspect.

Thé %elafionship.befween THé fhfoffle poé?fion,'+hro+t|e_requnse relays,
engine speed, and engine speed frain |ines energized is shown in Table 3-1.
(references 6 and 9). ' o '

TABLE 3-1

ENGINE SPEED CONTROL TRAINLINES

Throttle Throttle Engine Train Lines

Fosition Relays Energized Speed Fnergized
‘Stop : ) o S 3
1 o . None 315 ~ None*
2 A B 395 15
3 oo . 480 7
4 AC C 560 S15, 17
5 BCD 650 13, 7, .3
6 ABCD. - 735 S 15, 12, 7, 3
7 BC . 815 12, 7 '
8 ARC _ 900 15, 12, 7

*None of the four "engine speed" train!ines

The electric mode equipment will take the input from the four engine
speed trainlines - (3 7, 12 and 15) and convert this into discrete maximum
vol tage Ievels ina: 5|m;|ar way +o The eX|s+|ng TH module in the. diesel mode.




This appreoach, taking the basic input signal, from train lines, will enable
the electric mode equipment to be kept.completely separate from the diesel mode
equipment and therefore will minimize the impact on the reliability of the loco-
motive in the diesel mode.

Wheel Spin/Slide Protection

The existing spin/slide protection’ sysTem compares Trachon moTor currenfs
on different trucks to detect differential whee! slip. To detect simultaneous
wheel slip with motors in series/parallel a bridge circuit. is used. Wheel over-
speed protection appears To be the only method of controlting the unlikely event
of simultaneous wheel slip at higher speeds. The electric mode equipment may
make use of the output signals from the existing spin/slide protection system
but corrective action by the reduction of power will be opfimized within the
normal characteristics of a thyrisfor controlled locomotive such that tractive
effort is immediately reduced and guickly ramped back to approximately 90 per-
cent of the original value, the final 10 percent being achieved relatively
slowly. This operation can take place much faster on an electric |locomotive
since the Time constant of the main alternator Is not a limiting factor.

Transition

Transition from series/parallei to all parallel operation is initiated by
the Forward Transition Auxiliary Relay. This relay will also be used fo recali-
brate the currenf/volTage characteristic of the converter to insure that the
current output is the same before and after transition but the ocutput voltage

doubles.

ELECTRIC MODE CONTROL

The detail of the electric mode control can only be finalized in the detail
design. However, fundamental parameters that can be identified are described below..

Throttle Position Response

The response to each throttle position wiil be such tThat a constant DC volf
amp product is mainfained above base speed. This preduct will be Increased in
steps of 12.5 percent for each throttlie position to 100 percent (3216 kW) at
notch 8. Below base speed constant traction motor current, proportional to The
throttle notch selected to a maximum of 1050 amps.in notch 8, will be maintained.’

In order fo provide for emergency conditions which may occur when a [ocomo-
Tive consist has traction motors isciated and is stopped on an adverse grade
in the electric mode, an increased.tractive effort switch will be available fo
the engineer (effective only in the electric mode) fo allow operaTton intfo The
short term rating of the traction motor.

Power/Brake

With the selaction of power or brake BCOS will operaTe to . connect The
-motor circuits in the desired configuration. Interiocks on BCOS will insure
tThat correct operation has taken place. The control signal to effect this
changeover will be derived from the appropriate trainline (17).
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During power operation thyristors T3, T4, T7 and T8 will be continuousty
gated to provide a freewheeling path through the bridge circuit. Interlocks
on RCOS can be used to determine the operation mode.

MODIFICATION TO DIESEL MODE OPERATION
The madification to the diesel mode operation has purposely been minimized
in order to avoid jeopardizing that mode of operation. However, certain modifi-

cations described below are unavoidable.

Mode Selection

MCUS is normally in tThe diesel mode position and changecover only occurs
on detection of voltage at the fransformer auxiliary winding. AT the end of
an electrified section, an electrical feed must be applied to MCOS to revert
the switch To the diesel mode. This can be accomplished by the use of a single
relay. In a detailed design study the implications of eliminating MCOS and

relying on the reverse biasing of the main rectifier to prevent transformer

derived power circulating in the alternator circuits should be considered. A
noh load breaking isolating switch would stifl be required for fault conditions.

Diesel Mode Dynamic Brake

The use of braking fhyristors BT 1-3 has already been discussed, |If these
components are reguired it will be necessary to provide a permanent gating
signal during dynamic brake contfroi and performance but would, if the railroad
wished, provide a means of isolating faulty grids - a facility not currently
available. Whether this is required, or indeed desirable, will be decided
during detail design.
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SECTION 4

EQUIPMENT INSTALLAT ION

The original DML concept (Yolume 2} had the transformer installed in the
short hood, and the converter and choke in the compressor compartment. This
configuration did not take intc account the AAR Phase 11 Clean Cab, in which
the following modifications impacting the criginal DML concept have been made:

o] Short hood -lengthened 7 in.

o - . Separate toilet compartment in nose with access door, floor
. drain and outside air ventilator.

o .. Alcove in short hood for refrigerator/water cooler

o Recessed stairs into short hood
Clearly fo compromise the clean cab concept would not be acceptable and it was
necessary therefore, to reconfigure the locomotive so that the clean cab layout

shown in Figure 4-1 was not affected. The revised general arrangement of the
DML is shown in Figure 4-2, '

A visual inspection of the locemotive underframe has confirmed. that the
secaondary mode equipment may be installed without extensive modifications

being required. The transformer and choke designs will be such that they
are able.to withstand the longitudinal/lateral/vertical accelerations imposed
in traction duty, using only a bottom foot mounting which will locate on The

main longitudinals of the underframe.

Compressor Compartment InsTaIIaflons

The transformer and converter installation requires that the compressor
compartment be extended by approximately 3 ft. This can be accomplished
without restricting the walkway around the rear of the locomotive or between
locomotives in a multiple consusT A minimum walkway width of 2 f+ is main-
tained at’ alr times. :

Access to existing equipment (compressor, radiator group e+c.) for normal
maintenance purposes is not affected by the new equipment. Compressor removal
is achieved .in the usual way although access to the front end of the compressor
Is now more restricted and all work would have to be accomplished from either
side of the compressor. Removal of the radiator group may necessitate The
removal of ‘the 50 kv roof bus in the area over the radiator group, a Task which
should take no more than 10 minutes.

The removal of the sandbox to the guard rail will make the task of f||||n9
The sandbox easier due to the filling cap bsing at a lower height.




o

3

Figure 4-1, AAR Clean Cab (SD40-2)
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" Short Hood Compartment Installation

The removal of the sandbox from the short hood and its installation on o
the guardrail, coupled with an extension of the short hood allows rcom for
the installaticn of a choke up to 3.5 ft diameter and 5 ft high while still
maintaining an adequate waikway. No maintenance functions are affected by
this modification. : ; £

rRoof Installations

The roof equipment installation will have |ittle impact on The exlsting
locomotive or its malntenance.
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SECTION 5

'PREL IMINARY SPECIFICATIONS

Having identified the c¢ircuit to be used-and the space avaitable within
tThe existing 5040-2 locomotive, it is now possible to produce specifications
for the performance, volume, and weight of the new equipment.

PANTOGRAPH

The only roof area available to take the pantograph is located over the
cab. |t has already been established in Figure 4-1 that the height of the
reinforced platform for mounting the pantograph will be 16'. In order fo meet
a statlc clearance of 21" (Reference 9) and .a creepage path of 60", insulators
described later in this section are required. The same insulators will be used
to support the copper bus bar between rocof equipment in order To minimize spares
holdings at maintenance facitities.

The Pantograph Performance Specification is included as Table 5-1.

tf it is found to be impossible to obtain a pantograph to fit the required
space envelope and working height criterfa, it will be possible To increase the

- height of the reinforced platform, thus reducing the working height. This will

be subject fo review as the design progresses. At this stage every effort is
being made to keep The overall height of the locomotive as low as possible in
the diesel mode (with pantograph down), thereby reducing the probability of a
DML being restricted to cperate only over routes with high vertical clearances.

Roof Bus

A roof bus is required o take the current from the bass of the pantegraph
to the vacuum circuit breaker, and from the breaker to the roof through bushing
leading to the fransformer. The bus may be either rectangular copper bar or
copper tube. The size is dictated by mechanical strength rather than current
carrying capacity. o

To avoid degradation of the bus material it must be either painted or
cadmium plated, with bare joints covered with protective grease.

Roef Insulators

The insulators required te mount the roof equipment are determined from
the electrical clearances required, as described in this section previously.
The insulators used To support the roof equipment will be identical, and there-
fore the mechanical loading of the pantograph mounting insulators determined
the mechanical strength required. Table 5-2 shows the parameters fo be met in
the roof insulators used on the DML,
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TABLE 5-1

D%bm%L%WWWE
PANTOGRAPH PERFORMANCE SPECIFICATION

(PREL IMINARY) ' .
DIMENSIONS e
Max imum distance between mounting center (lateral) -~ 75'0"
(longitudinal) GRIL
Max imum height of assembly in housed posifidn o : | 6o
Maximum overall width of assemb[y. - :  - | _ '.'QYO"
Max imum overall.lengTh of assembly inhoused'posiffén | i 6‘0"
Nom Inal working height (measured from the top of the 713
mounting insulators)
_ Working height variation from nominal . C T : 16"
WE IGHT
Target weight for complete pantograph assemblf _ :_ __' . 500.ib . IR 3
OPERATION N |
Maximum operating speed —i 70 mile/h N *
Catenary fype. S : o simple.
Number of pantographs.in operation at oné time ' 5
Upward force (over working height) | 18 - 20 Ib
Number of collector sfrips . o S . 2 minjmum
Maximum current a+.50kV ' . 100 ampé

The pantograph shall be dropped automatically in the event of the Coliec—'
Tor strips becomlng d:sp[aced. .The pantograph shall be raised by air pressure
against spring force. :
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TABLE 5-2

ROOF INSULATOR SPECIFICAT ION

Electrical

Static clearance (minimum) 21-in.
Dry creepage path (minimum} 7 60 in;
Basic impulse level . 2505kV

Mechanical

Compression load ' ' 750 Ib
‘Tension load “ | 100 Ib
Cantilever Ioad. 750 Ib
Fixing hole pattern tfop 4

. | . bottom ) 4

Lightning Arrestor

There-are Two major types of lightning arrestor available, the expulsion
and the valve types. Both the expulsion and the valve types perform the func-

tion expected of iightning arrestors. Theysare normally insulators, but they .

become conductors of relatively low impedance during |ightning current surges.
They re-establ ish Themselves as Insulators after the |ightning current has
disappeared, and they will operate repeatedly., Thus, they do not inferfere
with the flow of power in the system. The principal difference in the opera-
Tion of tThe valve and the expulsion. types of arresfors is the way .in which they
dispose of the system power-fol!low current. |In the valve arrestor, the follow
current is . |imited by the device itse!f regardless of the system capacity.: In
the expulsion arrestor, with its low arc volfage, the power-foltlow current is
determined principally by the system impedances.

In order +o_avoid excessive currents which could cause damage the panto-
graph, the valve type arrestor is recommended for use on the DML.

Ground Switch

The purpose of the ground switch is to insure that the roof equipment and
main transformer primary are at ground potential, thereby making the equipment
safe for maintenarice inspections and the !ike. Since inspections of below roof:
equipment can be carried out with the catenary alive it is essential that the
ground switch and pantograph isolating cock are interlocked such that:



(a} With the isolating cock in the lopen'! pcsition the ground switch
is locked in the Topen! position.

(b} When the ground switch is in the 'ground' position The isolafing
cock is locked in the 'isolated! position. Aiso, it should not be
possible to move the grounrd switch from the Topen' to the 'ground!
position until the air pressure in the pantograph air motor has
been reduced tc a value well below that at which the. pantograph
leaves the contact wire.

Provision shall be made for locking the isolating cock in the Topen' posi-
tion by padlocks and for locking the ground switch in the Tground' position by
padlocks.

Primary Overload Current Transformer

The primary overload current ftransformer (POL) is required to monitor
primary current sc that a protective circuit can open the VCB in The event of
an overload and fo signal pantograph bounce, particularly during regeneration.
so that BT 1-3 can be gated to provide an alternate path for *the regenerated
energy.

POL can be incorporated into the roof through brushing, thus minimizing
the cdifficulties associated with mounting a current transformer around a 50 kY

supply.

Main Transformer

"The main transformer s the most difficuit of new items to fit"into the
existing locomotive and therefore a major pertion of the desing effort of the
dual mode locomotive will be centered around the design of the transformer.

The transformer has.a'conTinuous rating of 4200 kVA which is matched fo

the continuous rating of the six D77 fraction motors -and auxiliary circuits
which it supplies. |t is cooled using silicone fluid, force circulated by a
fully submerged pump, a Technlque which is: novel by U S. sTandards. o

Inquiries have been made of the Ieadlng manufacturers of traction Trans—“
formers. Both EMD and GE have indicated that they are:unable to supply a“
transformer to meet the stringent volume and weight requirements, The trans-
former outline shown in Figure 4-2 is based on a transformer design proposed
by a leading overseas traction company which has many years of experience
providing traction iransformers at low weight and volume and is the world's
largesT supplier of 50 kV tracticn transfermers.

Thyrls+or ConverTer

" The ThyrlsTor converter consists of two series bridges, each one being
ful'ly controlled. Each arm of the bridge contains four thyristors in parallel

giving a total of 37 thyristors wh|ch will be 0|I cooled using the Transformer

cooling 0||.
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Field Supply Converter

The field supply. converter is a half controlled thyristor bridge and.is
used to supply field power to the traction motors during dynamic brake in.tThe .
electric mode. The converter is required to output up. to 1000 amps at approxi-
mately 100 volts DC. Only one device per arm is required and the fwo thyristors
will, if possible, be the same as those used in the main converter., An investiga-
tion will be carried out to ascertain whether the diodes used in the locomotive's
existing main rectifier would be suitable for this applicaticn, again minimizing
the necessary spares holding.

Smoothing Inductor

The smoothing inductor is required to ensure satisfactory commutation of
the traction motor over the complete range of traction motor current. The
ripple content at which the traction motor- can operate will need to be defer-
mined by TesTlng, and from this the |nduc+ance value can be determined.

However, a survey of smoothing inductors used in similar appllca+aons has
revealed the data shown in Table 5-3. : :

. TABLE 5-3
SMOOTH]NG lNDUCTOR SIZES

SmooThlng InducTor'

Fféquénéy " Volume per motor . . Specific Volume
Locomotive Hz 13 kw/ 12
GEC Class 87/0 50 6 625
GE E42C _ 60 _ 10 298
DML 60 9.33 319
[t will be seen that the volume allowed for the smoothing inductor in
Figure 4- s compatible with existing equipment. Final characteristics of

inductance and dimensions must await the results of fraction motor tests.

Braking Thyristors

The braking ThyrisTors (BT 1-3) are required fo handle up to 1000 amps at
1400 V. This duty can be met by a single device and, in order To minimize the
spares holdings BT1-3 will, if possible, be the same device as main thyristors
T1 - T8.

Pump Motor

The o1l pump is required to circulate oil around the transformer and
converters and should be fully submerged and coofed by the transformer oil.
The motor will be @ single phase capaciter start and run type, protected by
a circuit breaker probably mounted on the transformer.
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SECTION &

COST VERIFICATION

STATEMENT OF WORK
Based on the design study reported in this document certain modifications

te the previously published Statement of Work (Volume 2, Appendix A} are neces-
sary and are described below. .

PREPARATORY WORK

The following preparatory work is required before the instaltation of new
equipment: '

Ballast

Where possible, the locomotives selected for this modification will com-
prise the light underframe model with little or no ballast to be removed. How-
ever, as necessary, for heavy frame !ocomotives, ballast may need to be removed
in order to meet axle load |imitations. The weight of the transformer is esti-

- mated at six tons and the converter and choke at one ‘ton each.

Sandboxes

The sandboxes at each end of the lccomotive are to be repositioned on . the
quard rail (similar to the DD-40-X locomotive). The associated sand delivery
pipes to each truck and preumatic connections are to be rerouted and extended
as necessary to be compatible with the repositioned sandboxes.

Short Heood

The short hood is To be cut off at the minimum length to facilitate the
mounting of the smecthing choke. A protective grill is required around the
choke.
Cab Reof

The cab roof requires strengthening fo provide adequate support for the
roof equipment (pantograph, circuit breaker, etc.) and to afford protection
for the crew in the event of a mishap invelving damage to the pantograph.

MAJOR ELECTRICAL EQUIPMENT

The following equipment will be supplied to the railroad for installa-
tion on the locomotive:

a. Ropf equipment

b. HT cabtle




Cs Transformer
d. Converter
e. Smoothing choke

f. Mode changeover switches

s

g. Brake changeover switches

he Oil/air heat exchanger

[ Automatic power control equipment
ROOF "EQUIPMENT

Install pantograph mounting feel insulators, roof bus and insulaftors, aad
[Tghtning arrester{s). Install pantograph and pneumatic air pipe fo panto-
graph air system. Install vacuum circuit breaker.

MA IN TRANSFORMER

Instal | transformer mounting feet and mount transformer. Make HT connec-
tion.

COMPRESSOR COMFARTMENT

11

Install mountings for fransformer and thyristor converter and mount the
equipment. o :

CABLES

Provide cable connection between converter oufput and smoothing choke,
rated at 6000 amp continuous.

Run cables from choke and output of converter to supply changeover.swifch
located in electrical cabinet.

Run cables to dynamic brake grid compariment from stabilizing resistor
thyristors and smoothing choke.

DYNAMIC BRAKE GRID COMPARTMENT

Connect stabilizing resistor cables to existing dynamic brake grids and
install braking thyristors.

TRUCKS

Weld automatic power control (APC) receiver mounting bracket fto truck:
frame and mount APC receiver. Provide interface contro! wiring bstween APC-
receiver and pantograph control circuit.
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CONTROL FUNCTIONS
“Install mode changeover and brake changeover switches in elecTricaI_éabineT.
~odnstat | pantograph control equipment,

Miscel lanecus control system modifications are required to ensure an engine
speed of 900 rpm under electric power demand and to Tnhibit resistive brake when
the pantograph is raised thereby biassing the electric brake system to the
regenerative mode._

COMPLETED LOCOMOTIVE

Weigh ltocomotive to establish each wheel load and ballast as necessary.

COST ESTIMATE

Labor

A leading remanufacturer of locomotives assisted In this study by estimat-
ing that the labor content for this modification would be 5000 hours per loco-
motive. A raiiroad cooperating in the study indicated that at April 1978 price
fevels the labor rate (including fringe benefits) to be used in 'this type of
project is $10.48, which, at May 1977 price leveis becomes $9.70 using previously
agreed inflation Index for labor of 8 percent per annum. Therefore, the cost +o
the railroad of converting ar SD40-2 locomotive to the DML configuration, at the
same time as they overhaul the locomotive would be $48,500 plus major electrical
iTems.

Transformer

As previously indicated the teading U.S. locomotive menufacturers have
stated that they are unable to design and build a traction fransformer of the
required rating fto meet the votlume and weight restrictions imposed by the DML
design. Overseas manufacturers were approached to establish the state of the
art overseas, particularly those suppliers with a proven record in traction
transformer design at 25 kV and 50 kV, designed 1o be accomodated in light-
weight locomotives generally having a smaller loading gauge than that of the
U.5. Format quotations in response to the AiResearch transformer specifica-
Tion confirmed a fransformer price of $50,000 (1977) although this price Is
subject fo the fluctuating value of +the dollar.

Roof Equipment

The pantograph needed for this application must occupy The minimum length
of roof because of the |imited space available. To meet the requirement a
cross arm pantograph is proposed at $5,660 each.

The high voltage circuit breaker will be of the vacuum type in the interest
of space minimization and, will include the groundirg switch, at $17,304,

The above prices have been confirmed by formal quotation from a leading
supplier of such equipment, :




Total Cost

The total cost of the modification is shown in Table 6-1 to be $217,500
“from which it can be determined that $128,500 (59%) of the total! cost estimate
has been independently verified by experts in that particular.field.  The major
remaining Item, the converter, is a compcnent similar to one which AiResearch
has previously supplied-et a similar cost per kW. It appears therefore that
only $29,000 (13%) of the cost (of which $24,000 is miscel laneous) .remains - -
. uncbnfjrmed. . S e e

It is concluded therefore that the DML cost of $217,500 is realistic.

TABLE 6-1.

DUAL~MODE LOCOMOT IVE COST

Element Cost (1977 §)
R@of Equipment .r - B .$30,000% |
Transformer ' . 50;000*
Converter o _ .__ ' 60,000
‘Smoothing Choke . o .5,000
Miscel laneous ' 24,000
Labor _ 48,500%
TOTAL  $217,500

e — e —

*Confirmed by formal quotation.
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SECTION 7

COMPONENT TESTING

During this preliminary design study, certain areas have been identified
where it is considered that testing is either necessary.or desirable in order
for the design to proceed with confidence.

TRACTION MOTORS

The ‘following aspects of the traction motor requtre an- lnves+|ga+|on which
can best be carrled out by testing: -

{a) Operation at 1030 amps continuous
. {b) dperaTion at 536 kW contiruous over a wide speed range.’
(c) Perfdrmance oﬁ an ac rectified supply |
. heating
e commutation
. smoofhing
(d) Smoothing inducTénce reduiréd for saTisfécTory cperation.

The above may be investigated at the same. time by one set of tests.
The common method of load testing motors by the electrica! supply cof losses
(Hopkinson method) would not be suitable for these tests since the dc supply
from The generating motor would overwhelm the rectified ac supply.

The test would involve one machine (although results could be corroborated
on other machines) and consists of a transformer and phase delay rectifier
{PDR} feeding up to 1300 vdc to the fraction motoer. The complexity of the PDR
will be minimized by controlling voltage from G through 1300 vdc Tn one bridge.
Traction motor lcading would be accomplished by using a brake wheel to accurately
measure the output of the traction motor under specific input conditions.

The baseline reference point for these tests will be the performance of
the motor when supplied by a dc supply (that is a multiphase rectified ac supply)
operating at 356 kW (the power level used Tn the SD40-2 now).

EXISTING LOCOMOTEVE DYNAMIC BRAKE GRIDS

[t may be necessary to direct full regenerative braking current into the
dynamic brake grids as already described. The grids are continuously rated
for 700 amps, but may be necessary to pass higher current through the grids {up
to 900 amps dependent on the braking rate chosen). Therefore it Is necessary

-to determine that the grids cen pass this curreni for short periods (1 - 5 secs)

repeatedly without breakdown or overheating.
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It is recommended that a set of grids from a locomotive be tested using
equipment from the fraction motor test referred to above. The use of braking
.thyristors.will not be necessary since for the purpose of this test a contactor
can be used.

TRACT |ON ‘MOTOR REGENERATIVE BRAX ING- CURRENT L IMIT

The traction motor current |imit during regenerative brake will need to
be established if a braking level in excess of that now used is To be obtained.

With the completion of the above tests all technical information will be
available to make a final decision regarding the performance of the DML,

CHANGEQVER SWITCHES

The current carrying/breaking capacity of the existing moforized switches
used in the EMD locomotives should be examined to determine whether These
switches can be used for MCOS and BCOS without modification.
TRANSFORMER

Since the use of silicone fluid is largely unproven in U.S. railrcad
applications, an evaluation program should be initiated to determine *he
coolant/electrical characteristics of the fluid., Prior fo installation of
the transformer a full load test shoutld be undertaken to confirm design data.
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SECTION 8
CONCLUS IONS AND RECOMMENDAT 1ONS

The completion of the dual-mode !tocomotive design study has resulted in
a more precise quantification of modification costs and a verification of
operational advantages. On this basis, since the dual-mode locomotive is a
key element of the WESS concept, the deployment of WESS on actual routes of
U.S. railroads continues to appear economically attractive, In addition, by

_virtue of the higher power available to the rail from the dual-mode locamotive

In the electric mode, the DML has been shown to provide cost advantages to
rajilroads by the use of dual-mode lacomotives with electrification of ruting
grades to minimize locomotive consists. The specific conclusions and recommen—
dations of the three month dual-mode locomotive design study are given below.

CONCLUS IONS

1. The DML is fechnically feasible and has a significantiy enhanced
© performance in the electric mode.

Z. The modification of the SD40-2 can be accomplished without
degrading the reliability of the locomotive in the diesel mode.

3. Secondary mode equipment is readily available within the state of
the art for high voltage ac electric traction.

4, The main transformer was shown to be the most critical component of
the DML. It has been established that this franformer is within the
state of the art for overseas manufacturers even though U.S5. suppliers
are unable to meet the unusualfy siringent requirements of the DML,

5. The DML is economical ly attractive at $217,500, this being less
than the cost of an electric locomative.

6. All major cost elements have been confirmed by quotation from
exper ienced manufacturers and therefore the WESS concept remains
economical ly attractive.

7. The DML can be used as a means of progressively electrifying a rail-
road route and therefore can avoid the need for a large initial
capita! outlay.

RECOMMENDAT ONS
1. A detail design study of the DML concept should be promptly initiated
to enable a hardware procurement package to be assembled as recommended

in Section 6, Volume 2 of this report,

2. The component testing described in Section 7 should be promptly
initiated and used as an input to the detail design study.

3. The application of separately excited motors to the DML should be
“analyzed Yo determine whether a significant benefit could be realized.
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